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Radiohgand binding experiments were carried out in conjunction with electrophyslologlcal recordings in vivo in the parietal cortex 
in rats to assess changes m postsynaptlc fl-adrenerglc receptor function that result after chromc administration of morphine and dunng 
morphine withdrawal Chronic treatment of rats with morphine for 14 days resulted m a 38% increase in the density offl-adrenergic re- 
ceptors m the parietal cortex, as measured by the binding of the specific antagonist [3H]&hydroalprenolol (DHA) In comparison, 
following withdrawal m the chromc morphine-treated animals, the number of specific [3H]DHA binding sites m this same cortical re- 
gmn was decreased 25%, when compared to sahne-treated controls These alterations m cortical fl-adrenerglc receptor density were 
not accompanied by a significant change m the dissocmtlon constant (Kd) for [3H]DHA or m the inhibitory constants (K.) for the spe- 
cific agomsts norepinephrme and lsoproterenol Mlcrolontophoretlc testing revealed that the changes in fl-adrenerglc receptor den- 
sity found in parietal cortex after chromc morphine treatment and during morphine w~thdrawal were accompanied by a selective m- 
crease and decrease, respectively, m the sensmvlty of cerebrocortlcal neurons in the same region to fl-adrenerglc stimulation These 
results suggest that changes m central adrenerglc function might be related to the formanon and/or expression of dependence on mor- 
phine 
INTRODUCTION 
Evidence from both experimental  and chmcal 
studies indicates that central noradrenergic mecha- 
nisms may play an important  role in the formatmn 
and/or mediat ion of opiate withdrawal. For example, 
depletion of norepmephrme (NE) levels in brain 
prior to the precipitation of withdrawal has been 
shown to reduce the intensity of the withdrawal syn- 
drome m morphine-dependent  rats 4'1°, whereas a 
marked potentiat ion of withdrawal intensity has been 
observed following administrat ion of agents known 
to augment  central noradrenergic activity ~°. In addi- 
tion, Redmond et al 29 have shown that in subhuman 
primates direct stimulation of the locus coeruleus 
(LC) elicits a profile of behavioral and physiological 
effects strikingly similar to those observed durmg 
opiate withdrawal. Both morphine and the a2 adren- 
erglc agomst clonidine have been shown to block 
these effects of LC activation 3° and to suppress the 
acceleration in LC neuron firing and NE turnover m 
brain that occur during acute opiate withdrawal 1,32 
Clomdine has also been shown to alleviate opiate 
withdrawal symptoms in animals and manS'3°; an ef- 
fect which has been attr ibuted m large part to its m- 
hibitory influence on LC noradrenergic neuronal  ac- 
tivity These data have led some workers to suggest 
that mcreased activity of central noradrenergic neu- 
rons. particularly those of the LC. may account for 
significant components  of the opiate withdrawal syn- 
drome 
Other data suggest that alterations m adrenergic 
receptors on LC target cells may contribute to or re- 
inforce the effects occurring in the opiate-sensltwe 
noradrenergic neurons.  Several laboratories have re- 
ported an increase in fl-adrenerglc receptor density. 
as measured by the binding of the selective antago- 
nist [3H]&hydroalprenolol ([3H]DHA), m areas such 
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as the cerebral cortex, hippocampus and brainstem in 
rats treated chronically with morphine 9A7'24. An in- 
crease in the number of fl-adrenergic receptors 
labelled with [3H]DHA has also been observed in the 
iris of rat pups made dependent on morphine 2°. On 
the other hand, Kuriyama et al. 15 reported that the 
number of specific binding sites for [3H]DHA was un- 
changed in whole brain or cerebral cortex in mor- 
phine-dependent rats, but increased abruptly follow- 
ing precipitation of withdrawal in the dependent ani- 
mals by naloxone. It was further shown that the 
abrupt increase in [3H]DHA binding found in the 
cortex during withdrawal was due mainly to an in- 
crease in the density of ill-type adrenergic recep- 
tors 13. Much ewdence indicates that the effects of the 
LC input to rat cortex are mediated via ill-type ad- 
renergic receptors which, for the most part, are lo- 
cated postsynaptically on cerebrocortlcal neu- 
rons 22'23. Accordingly, it would be important to de- 
termine whether the alterations m cortical E-receptor 
density that have been reported after chronic mor- 
phine treatment or withdrawal result in a corre- 
sponding hypersensitivity of these same neuronal 
elements to noradrenergic stimulation. The function- 
al correlates of the changes in cortical fl-adrenergic 
receptor density that have been observed m both de- 
pendent and withdrawn animals have yet to be as- 
sessed at the single neuron level. 
Neurons within the parietal cortex in rat are 
known to receive a prominent innervatlon of norad- 
renergic fibers from the LC 25'37, and are inhibited by 
NE acting postsynaptically via a fl-adrenergic recep- 
tor 2'3'27. In addition, changes in fl-adrenergic recep- 
tor density have been reported m this brain region in 
chronic morphine-treated rats 24. In the present 
study, radioligand binding experiments were carried 
out in the parietal cortex m conjunction with m VlVO 
microiontophoretic testing of drugs to determine 
whether changes in fl-adrenergic receptor density 
that result from chromc morphine treatment are re- 
flected in corresponding alterations in postsynaptic 
sensitivity of cerebrocomcal neurons to NE. Experi- 
ments were carried out at early and late times follow- 
ing w~thdrawal of chronic morphine treatment to as- 
sess the possible relationship of changes in cortical fl- 
adrenergic receptor function to the abstinence syn- 
drome. Some of this work has been reported pre- 
viously m preliminary form 24. 
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MATERIALS AND METHODS 
Preparation of animals 
Male Sprague-Dawley rats, weighing 170-225 g 
at the start of this study, were used. Animals were 
housed in groups of 6 and allowed free access to food 
and water. Sixty-two animals were used in the elec- 
trophysiological experiments and more than 120 am- 
mals m the binding studies. All animals within the ex- 
perimental groups received an identical regimen of 
chronic morphine treatments. However, m order to 
maintain uniform samphng times following drug 
treatment and avoid possible confounding effects of 
anesthesia associated with the electrophysiological 
testing, different animals were used for the receptor 
binding and recording experiments. Morphine toler- 
ance and dependence were induced and maintained 
by giving repeated i.p. injections of morphine sulfate 
every 8 h for 14 days. The dosage of narcotic ranged 
from 10 mg/kg 3 times a day (t.i d.), on the first day, 
being doubled after every third day, to 100 mg/kg, 
t.i.d., on the last two days. Control animals were 
given i.p. injections of saline according to the same 
treatment schedule. At the end of the treatment 
schedule some rats from the morphme and saline 
treatment groups were challenged with naloxone 1 
mg/kg, s.c. to assess the development of dependence 
on the opmte. These animals were not used in the re- 
ceptor binding or electrophyslologlcal studies. 
Radioligand bmding studies 
Rats were killed by decapitation either 8 h (these 
animals constituted the opiate-dependent group) or 
32 h (for the withdrawal group) after the last drug in- 
jection and their brains removed. The brains were 
dissected and the parietal cortices isolated from 6 rats 
pooled for each experiment. The brain tissues were 
homogenized m 5 ml of ice-cold Tris-sucrose buffer 
(5 mM Tns(hydroxymethyl)aminomethane, 0.25 M 
sucrose) adjusted to pH 8.0. The homogenates were 
centrifuged at 1000 g for 10 min and the supernatants 
saved and recentrifuged at 40,000 g for 10 min. The 
crude membrane pellet was washed twice with ice- 
cold Tns-incubation buffer and recentnfuged for 10 
min at 40,000 g. The final membrane pellet was re- 
suspended m Tris-incubat~on buffer which consisted 
of 50 mM Tris(hydroxymethyl)aminomethane ad- 
justed to pH 8.0. 
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To measure/3-adrenerglc receptor density, l-ml al- 
lquots of the neural membranes were incubated in 
duplicate for 30 mln at 25 °C with various concentra- 
tions of [3H]DHA (spec. act., 34 1 C1/mmol, N E.N , 
Boston, MA).  Non-specific binding was determined 
by addition of unlabeled propranolol  10 -~ M to a sec- 
ond pair of incubates. Specific, i e. receptor, binding 
was defined as the difference between total 
[3H]DHA bound in the absence and presence of pro- 
pranolol and ranged from 85.7 + 2 3% at a llgand 
concentration of 0.1 nM to 70.9 + 2 4% at a concen- 
tration of 6.4 nM Specific binding was 88.3 _+ 1 2% 
at hgand concentrations of both 0.8 nM and 1 6 nM 
which were in the range of the K d. Incubations were 
terminated by rapid filtration under vacuum through 
Whatman GF/C glass fiber filters and by washing 
with two 10-ml ahquots of Trls-incubation buffer 
(25 °C). After  air drying, the filters were placed in 
scintillation vials and counted for radioactivity at 
35% efficiency 
Saturation experiments were conducted at 9 con- 
centrations of [3H]DHA (0.1-25 6 riM). Preliminary 
estimates of the maximum number  of binding sites 
(Bmax) and dissociation constants (Kd) for [3H]DHA 
were determined by use of the computer  program 
E B D A  21 Final values were calculated by the non-lin- 
ear regression program L I G A N D ,  devised by Mun- 
son and Rodbard  26 Hill plots were also generated 
from the computer  analysis to determine the pres- 
ence or absence of receptor cooperatlvlty For dis- 
placement studies, ICso's were estimated by an ltera- 
tlve curve fitting program described by Parker and 
Waud 28, and the inhibitory constants (K,) for NE and 
lsoproterenol (ISO) were calculated by use of the for- 
mula of Cheng and Prusoff 6 Protein was determined 
by the method of Lowry et al. ix using bovine albumin 
as standard Results are expressed as femtomoles ot 
[3H]DHA specifically bound per milligram of pro- 
tein. Values given in the text are means + S E M of 
the number  of experiments shown in parentheses 
Data  were assessed statistically by means oI two- 
tailed Student 's t-test and analysis of  variance 
Extracellular recordzng and microlontophoresls 
Fifty-four of the animals studied electrophysIologl- 
cally were maintained under halothane anesthesia. 
In 8 additional experiments, a decerebrate,  unanes- 
thetlzed preparation was used to control for possible 
confounding effects of anesthesia on central lloiad- 
renerglc aCtlVlty and endogenous oplold tunctlon 
Rats were anesthetized initially with halothane 
(2.5% in air), lntubated and mounted in a stcreotaxlc 
frame. The respiratory anesthetic was then either 
lowered to 0.75% and maintained at that level 
throughout the experiment or held constant while a 
surgical transection of the bralnstem was performed 
at a level lust anterior to the LC Low cerveau-lsol6 
transectxons were performed according to proce- 
dures described by Wang and Aghajanlan ~' using a 
retractable wire knife. After  transection, halothane 
anesthesia was discontinued to these animals 
Wound edges and pressure points m both prepara- 
tions were infiltrated with a solution of 2C~c procaine 
hydrochlorlde (Abbot  Labs.) on a regular basis 
Core temperature of the animals was maintained at 
37 °C by means of a servo-control temperature regu- 
lating device 
A tandem animal protocol,  similar to that de- 
scribed by Schultz et al.~4, was employed for testing 
neuronal sensitivity to mlcroiontophoretlcally ap- 
plied agonlsts. Briefly, a coded control animal and a 
coded morphine-treated or morphine-withdrawn ani- 
mal were prepared concurrently and placed in sepa- 
rate stereotaxlc frames on the recording table Both 
animals were usually prepared for recording by 
someone other than the experimenter In order to car- 
ry out the sensitivity testing in a single-blind fashion, 
minimizing experimenter bias. A mldhne incision 
was made in the scalp and a cranlotomy performed to 
expose a circumscribed portion of the parietal cortex, 
extending 2 -5  mm lateral from the mldhne and 1 mm 
anterior to 3 mm posterior of bregma (see Fig 2A). 
After removal of the dura, the exposed plal surface 
was covered with ungelled agar in balanced salt solu- 
tion 
Five- and seven-barreled glass mlcropIpettes (3-5 
um diameter tips) were used to record extracellularly 
from single cerebrocomcal  neurons and to apply 
drugs at the recording site by mlcroiontophoresis. 
Recording barrels were filled with 4 M NaCI or a so- 
lution of 2 M NaC1 saturated with Fast green dye and 
had in vitro impedances of 3 -8  M ~ .  Drug barrels 
were backfllled with freshly prepared solutions of 
(-)-NIE-HCI 0 5 M, pH 4.5 (Sigma); (-)- lsoprotere-  
nol bltartrate 0.25 M, pH 4 8 (Sigma); (+)-isoprote- 
renol bltartrate 0 25 M, pH 4 8 (Sigma), sotalol h~- 
drochionde 0.25 M, pH 4.5 (Regis Chemical); phen- 
tolamine mesylate 0.25 M, pH 4.8 (Ciba-Geigy); or 
y-aminobutyric acid (GABA) 0.1 M, pH 3.5 (Sig- 
ma). Drug solutions were ejected as cations or re- 
tained by application of 15 nA currents of opposite 
polarity Automatic current balancing was main- 
tamed through an additional peripheral barrel con- 
taining 3 M NaC1. Positive and negative currents 
were independently passed through this barrel to 
check for possible current artifacts. 
For these experiments, recording of neuronal ac- 
tivity was confined to a uniform 3 × 4 mm area of tis- 
sue within the sensorimotor region of the parietal 
cortex. This same area of cortex comprised a sigmfi- 
cant portion of the t~ssue used in biochemical deter- 
minations of [3H]DHA binding to cortical fl-adrener- 
glc receptors Because this area of cortex contains a 
heterogeneous population of neurons, cells were first 
tested for their responsiveness to peripheral tactde 
st~mulatlon m order to define a relatively uniform 
population of test neurons. Only those umts which 
responded to brisk mechanical displacements of the 
hair or glabrous skin of the contralateral fore- or 
hlndhmb were included in this analysis. These were 
located 200-1200 ktm deep to the cortical surface. 
We have previously demonstrated that NE exerts 
both a direct depressant action and a GABA-faoh-  
tating effect in these cells, mediated via a fl-type ad- 
renerglc receptor 38 
Action potentials of single cerebrocortical neurons 
were amphfied and displayed on an oscilloscope 
using conventional electrophysiologlcal techmques. 
The neural signals were separated from background 
actwity and converted to uniform voltage pulses by a 
window d~scnmlnator. These pulses were integrated 
over mtervals of 1 or 2 s by an electronic ratemeter 
and the averaged firing rate of each cell displayed on 
a strip chart recorder to momtor  responses to micro- 
iontophoretically apphed test substances Once a 
suitable cell was identified (based on the above crite- 
ria) and a stable baseline of activity recorded, neu- 
ronal sensitivity to fl-adrenergic stimulation was as- 
sessed by determining the mimmal lontophoretlc cur- 
rent of NE (or other agomst drug) reqmred to pro- 
duce a depression m spontaneous firing (see below) 
In judging neuronal sensmvlty to agonists by lon- 
tophoretlc methods it is essential to control for the 
variability in drug release among different pipettes 11. 
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To compensate for this variabihty, a strategy based 
on the high-low threshold method of iontophoretic 
testing devised by Schultz et al. 34 was used to opti- 
mize drug ejection from any one micropipette and 
then the same mlcrop~pette was used to alternately 
record from cortical cells in tandemly prepared con- 
trol and experimental ammals. Briefly, the threshold 
lontophoretic NE current required to depress sponta- 
neous finng of a neuron was determined by deliver- 
ing regularly repeating 20-s pulses of drug (with 60 s 
between pulses to ensure recovery) at a suffloently 
high level to elicit at least a 50% inhibitory response. 
Drug pulses were then alternated between a similar 
fixed high effective current, designed to maintain a 
uniform tip concentration of drug m preparation for 
the subsequent low 'test' pulse, and a low NE 'test' 
current which was progresswely reduced. With each 
double pulse cycle, the low NE current was further 
reduced until a level was reached which just pro- 
duced an inhibitory response (defined as a 15-20% 
change from baseline); this current level defining the 
iontophoretic NE threshold. Changes m neuronal 
sensitivity to fl-adrenerglc stimulation after long- 
term opiate treatment were assessed by comparing 
the mean iontophoretlc current thresholds of NE re- 
quired to inhibit the firing of cerebrocortical cells 
recorded in chronic morphine-treated or morphine- 
withdrawn and chronic saline-treated ammals. Dif- 
ferences m mean lontophoretlc current thresholds 
between control and experimental groups of ammals 
were evaluated statistically by means of two-tailed 
Student's t-test and one-way analysis of variance. 
RESULTS 
Assessment of morphine dependence 
The 14-day regimen of chronic morphine adminis- 
tration produced a high degree of physical depen- 
dence in the treated animals. Those chronically 
treated rats m which naloxone was administered dis- 
played a prominent withdrawal syndrome which con- 
sisted of hyperactivity, spontaneous jumping, diar- 
rhea accompanied by marked weight loss, teeth-chat- 
tering and/or wet-dog shakes. Rats that were with- 
drawn gradually from morphine displayed an absti- 
nence syndrome of somewhat diminished intensity 
0.e. no jumping), with weight loss at 32 h of withdraw- 
al that typically exceeded 25% of total body weight 
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In these latter animals, the earhest s~gns ot withdraw- 
al routmely appeared 10-12 h following the cessa- 
tion of morphine t reatment  Similar changes in be- 
havior and loss m body weight were not observed m 
either non-withdrawn experimental  or saline-treated 
control animals. 
Changes in cortical f l-adrenergtc receptor b m d m g  
High affinity binding of [3H]DHA to the cortical 
neural membranes  was rapid, saturable and reversi- 
ble by propranolol  10 -5 M Computertzed analysis of 
saturation bmding experiments lndtcated a single 
population of bmding sites for [3H]DHA with an ap- 
parent K do t  0.87 + 0.09 nM (controls, n = 5) The 
fits obtained with a one ligand/one site model yielded 
Scatchard plots that were essentially hnear,  and 
these were stgnlficantly better than those obtained 
with a one ligand/two binding site model The maxi- 
mum number  of specific binding sites (Bma 0 for 
[3H]DHA, as determined by the non-l inear  regres- 
sion analysis program L I G A N D ,  was 62.3 + 3 3 
fmoi/mg protein m the parietal cortex of control ani- 
mals. These Bma x and K d values for [3H]DHA bmding 
are in good agreement  with those reported in rat cor- 
tex by other workers 1-~'17 
Chronic admlntstratton of morphme resulted m a 
significant increase in the binding of [3H]DHA m the 
parietal cortex (Fig 1). The Bma x for [3H]DHA (86 1 
+ 3.7 fmol/mg protem, n = 8) was mcreased 38.2% 
(P < 0.002) in morphme-dependent  rats, when com- 
pared to sahne-treated controls (Table I, Fig. 1) 
This mcrease in density of cortical fl-adrenerglc brad- 
mg sites occurred without a stgmflcant change m K d 
for the radiohgand (Table I) In addition, the Hill 
120- 
100 -  






c ~  
E~ " Chromc Morph,ne 
~ ~; 32H Withdrawal 
~I: ,2 u_ 
i i i i f i i i ) 
20 40  60  
SPE:CIFiC 3 H - D H A  BOUN[3 
( f m o l e s / m g  protein) 
Fig 1 Scatchard plots showing the effects of chronic morphine 
treatment (open circles) and morphine withdrawal (open 
squares) on the specific binding of [3H]DHA to neural mem- 
branes isolated from rat parietal cortex Data are from repre- 
sentatwe experiments Points plotted represent determina- 
tions, carried out m duplicate, of the bmdlng of [3H]DHA at 
concentratmns of 0 1-25 6 nM to membranes ,solated from the 
cortices of 6 animals Binding affinmes, indicated by the slopes 
of the regression lines drawn through the data points, were not 
changed after e~ther treatment, whereas the maximum number 
of binding sites for [3H]DHA (intercept with ordinate) was m- 
creased m the cortex after chrome morphine treatment and re- 
duced following morphine withdrawal, relat.ve to control 
Values for Bma x and K d were determined by non-hnear regres- 
stun using the computer program LIGAND 
number  for [3H]DHA binding m the parietal cortex 
in morphine-dependent  rats was unchanged com- 
pared to that for the saline-control group (Table I) 
These data strongly suggest that changes m the prop- 
erties of the fl-adrenerglc receptors, themselves, are 
unlikely to account for the elevation in [3H]DHA 
binding found in the cortex after chrome morphine 
treatment.  
TABLE I 
Effects of chrome morphme treatment and withdrawal on the specific bmdmg of [3H]dthydroalprenolol to rat cortical membranes 
Determinations of specific [3H]DHA binding to the corneal membranes were made 8 h (chronic morphine) and 32 h (withdrawn) after 
the last inJect.on of a 14-day chrome morphine treatment schedule Cortices from 6 animals were pooled for each experiment Values 
represent the mean + S E M of the number of experiments shown 
Treatment group Number of Parameters of btndmg % Change m B ~a ~ 
experiments B max K d n H 
(fmol/mg prot ) (nM) 
Control - - - -  5 62 3 + 3,3 
Chromc morphine 8 86 1 + 3 7* 
32-h withdrawn 9 46 5 + 1,7"* 
Acute morphine 3 63 2 + 4,5 
*P < 0.002, **P < 0 001, compared to control values by Student's t-test (two-tailed) 
0 8 7 + 0 0 9  103+003  
1 14+0 15 104+003  +382 
0 6 9 + 0 0 9  106+001 -254 
0 8 8 + 0 2 0  0 9 8 + 0 0 2  + 14 
The mcrease m [3H]DHA binding observed after 
chronic administration of morphine did not occur af- 
ter acute treatment of rats with morphine (30 mg/kg, 
Lp at 8-h intervals) for one day. In these acute ex- 
periments, specific bindmg of [3H]DHA to the corti- 
cal membranes was determined at concentrations of 
radioligand from 1 to 25.6 nM, 8 h after the last of 3 
morphine injections. The Bma x (63.2 + 4 5 fmol/mg 
protein, n = 3) and K d (0.88 + 0.20 nM) for 
[3H]DHA bmdmg to membranes isolated from rats 
treated acutely with morphme &d not differ s~gmfi- 
cantly from corresponding values obtained for corti- 
cal [3H]DHA b id ing  m the control group (Table I). 
Moreover, inclusion of up to 10 -4 M morphine in the 
mcubation assay had no effect on the specific bmdmg 
of [3H]DHA. Thus, the elevation in cortical fl-adren- 
ergic b id ing  sites observed in morphine-dependent 
ammals appeared to emerge as a &rect consequence 
of prolonged exposure to the opiate. 
The effects of opiate withdrawal on cortical fl-ad- 
renerglc receptors were assessed by examining the 
binding of [3H]DHA to cortical neural membranes 
~solated from chronic morphine-treated rats 32 h af- 
ter admimstration of the last morphine injection. By 
this time the primary abstmence syndrome had be- 
come fully developed and in most ammals the 'domi- 
nant' withdrawal signs had already begun to subside. 
Withdrawal of the morphine-dependent subjects was 
accompanied by a decrease, relative to controls, in 
[3H]DHA bindmg in the parietal cortex (Fig. 1) The 
Bma x for [3H]DHA in cortex in the withdrawn ani- 
mals, as determined by computer analysis, was 46.5 
+ 1 7 fmol/mg protein (n = 9), which represented a 
decrease of 25.4% (P < 0.001) and 46.0% (P < 
0.001) m cortical fl-receptor density, respectively, 
compared to saline-treated controls and morphine- 
dependent animals (Table I). The Kd (0.69 + 0.09 
nM) and Hill number for [3H]DHA binding to corti- 
cal membranes isolated from morphine-withdrawn 
rats, however, were not s~gnificantly different from 
values obtained for control ammals (Table I). 
Because the functional correlates of these changes 
in fl-antagomst bindmg were assessed physiologically 
in relatmn to the sensltwity of cerebrocortical neu- 
rons to NE agomsts, it was ~mportant to also deter- 
mine the effects of long-term morphine treatment on 
agonist affimty at cortical fl-adrenerglc receptors. 
These determinations were made by comparing the 
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TABLE II 
lnhibmon constants for norepmephrme and ~oproterenol at cor- 
ncal [3H]&hydroalprenolol bzndmg sites m control, chromc 
morphme-treated and withdrawn rats 
Experiments were carried out using pooled membranes isola- 
ted from the cortices of 6 rats Membrane suspensions were in- 
cubated m duplicate for 30 mm with a fixed concentration of 
[3H]DHA (2 6 nM) in the presence or absence of various con- 
centratlons of NE (100 nM-1 0 raM) or ISO (10 nM-0.1 raM) 
IC50 values were calculated by the lteratlve curve fitting pro- 
gram of Parker and Waud 28 K, values were calculated from the 
ICs0 values by the method of Cheng and Prusoff 6 There was no 
significant effect of chronic morphine treatment or morphine 
withdrawal on the inhibitory potencies of NE or ISO at 
[3H]DHA fl-adrenergic receptor sites in cortex (two-tailed Stu- 
dent's t-test) Each value as the mean + S E M. of 3 experi- 
ments 
Drug Treatment K~ (I~M) 
NE Control 2 72 + 0 48 
Chronic morphme 2.47 + 0 83 
Withdrawn 1 36 + 0 47 
ISO Control 0 27 + 0 15 
Chronic morphme 0 31 + 0 09 
Withdrawn 0 19 + 0 06 
ability of the fl-receptor agonists, ISO and NE, to 
compete with [3H]DHA for fl-adrenerglc binding 
sites on corucal membranes prepared from control, 
chronic morphine-treated and morphlne-w~thdrawn 
rats. The potencies of ISO and NE m competing for 
specific [3H]DHA binding sites were determined by 
incubating a fixed concentration of [3H]DHA (2.6 
nM) in the presence or absence of 8 concentrations of 
competing drug. The results of these experiments 
(Table II) indicated no significant change in the K, of 
ISO and NE against [3H]DHA in the cortex after 
chronic morphine administration or morphine with- 
drawal. Moreover, there was no change m the slope 
of the compeut~on curves after these experimental 
conditions (data not shown) 
Electrophysiological assessments o f  neuronal sensitiv- 
ity to iontophorencally applied agonists 
A total of 272 cerebrocomcal neurons were stud- 
ied for their responsiveness to fl-adrenergic receptor 
stimulation. Forty-six of these neurons were 
recorded m morphine-dependent rats, 51 cells in 
morphine-withdrawn animals and 27 cells in animals 
treated acutely with morphine, with the remamder (n 
-- 148) comprising neurons recorded m matched sa- 
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Fig 2 Recording site and responses of somatosensory cortical neurons to tactile sumulatnon of the contralateral footpad A dorsal 
~le~ of rat brain showing the area of the cortex (boxed-m area wxthm right hemisphere) from whnch neuronal recordings were oh- 
tamed Testing of chemosensltwnty of cerebrocorucal neurons to lontophoretncally apphed drugs was carried out m both hemispheres 
The stippled area over the left hemisphere indicates the region of cortical tissue (obtamed bdaterally) used in the radlohgand binding 
experiments B oscilloscope records shove the extracellularly recorded responses of cortical neurons to tactile stimulation of the con- 
tralateral forehmb (upper and lower traces) and hmdhmb (mnddle trace) which were used to characterize cells prior to iontophoretlc 
testing Stimulus onset is md~cated by the arrow m each record Note the difference m latency of the excitatory response between the 
neurons depicted in the upper and middle traces (see text for further details) 
hne-treated controls Fig. 2 shows osctlloscope 
recordings of neuronal  responses to tactde sttmula- 
tlon of the fore- and hmdhmb whnch were used as cn- 
term for identifying a relattvely homogeneous  pop- 
ulatton of cerebrocorttcai cells. The typtcal response 
ehctted by the tactile stimulation consisted of a brief 
excitation (one to 3 sptkes) at 6-31 ms latency, fol- 
lowed by a short period of mh lbmon  (durat ion to 180 
ms), however, excttations alone (21% of cases) or 
phases of pure mhnbitzon (15% of cases) were ob- 
served m some neurons (Fig. 2) Although cerveau- 
~so16 transectton precluded the ehc~tat~on of thts pe- 
ripherally evoked acttvmty in cortncal umts, the neu- 
rons (n = 24) recorded m the transected ammals (n = 
8, 4 controls and 4 morphme-treated)  displayed rates 
and patterns of spontaneous discharge remarkably 
similar to those of neurons recorded m hatothane-an- 
esthetlzed rats. Moreover,  no szgmficant dnfferences 
were noted m chemosensmwty to locally apphed 
drugs between neurons in cerveau-lsol6 and anesthe- 
tized ammals which had been obtamed from the same 
treatment  group. Results obtained m anesthetized 
and cerveau-lsol6 preparations have, therefore, been 
grouped together according to the respect=ve treat- 
ment  group (t e. sahne or chronic morphme) from 
whtch they came 
The ratemeter  records m Ftg 3 illustrate the 
'high-low' threshold determmation,  usmg the same 
micropipette, of mmtmal effective tontophorettc cur- 
rents of NE, ( - ) - lsoproterenoi  ( ( - ) - ISO)  and G A B A  
required to inhibit the spontaneous firing of smgte 
cortical neurons m sahne (record A) and chromc 
morphme-treated rats (record B). F~g. 4 shows the 
results of similar determinations of zontophoret~c 
thresholds of these drugs reqmred for the mhibitton 
of neuronal  firing in a morphme-wtthdrawn antmal 
(record B), compared to a control rat (record A) In 
order to correlate these kmds of data with the results 
of radiohgand binding, assessments of changes m neu- 
ronal chemosensmvtty resulting from chromc mor- 
phine admimstratton were carried out from 8 to 12 h 
followmg the last rejection of the t reatment  regimen 
Sxmllarly, determinations of chemosensltwlty of cor- 
ucal neurons zn wtthdrawn rats were confined to a 
period extending from 32 to 36 h after the cessation 
of chronic morphme t reatment  
Iontophoresls of 20-s pulses of N E m  the range ot 
10 to 65 nA produced an inhibition in the sponta- 
A Control 
Norep,nephr,ne 45 "1~ 
Isopro tereno l  4,5 4 3  '~" 4(3 
GABA 10 12 8 10 





50 48 42 
12 




Norep~nephr,ne 30 40 2~8 2.5 
Isoprotereno l  28 20 23 26 23 34 
GABA 14 11 9 1_.0_ 
60 sec 
Fig. 3 Ratemeter records from a representatwe experiment demonstrating use of the h~gh-low threshold method for testing sensmvlty 
to iontophoreucally apphed transmitter substances m cerebrocortlcal neurons from a control (A) and chromc morphine-treated am- 
mal (B). Assessments of chemosensltwity to lontophoretlcally apphed NE (thick bars), (-)-ISO (thin bars) and GABA (dashed hnes) 
were carried out in tandem between neurons m control and morphine-treated rats, using the same m~croplpette Short bars above the 
ratemeter records ln&cate t~me of drug apphcat]on and numbers above the bars refer to ejection current m nanoamperes Note that 
the cell tested m the chronic morphine-treated ammal (B) shows higher sensmvlty to the &rect inhibitory actions of NE (threshold, 25 
nA) and (-)-ISO (threshold, 23 nA) than the control cell (A) (thresholds of 42 and 40 nA, respectively), but that both neurons demon- 
strate slmdar chemosensltwlty to GABA (thresholds of 8 and 9 nA) The minimal iontophoretlc dose of drug reqmred for mhlbmon of 
spontaneous discharge of the neuron ~s m&cated by a star above the corresponding election current. Assessments of chemosensmvlty 
of neurons in chromc morphine-treated ammals were conducted between 8 and 12 h following cessation of chronic drug treatment 
A 
Control 
Isoproterenol  43 
Norep,nephr,ne 2~.8 .~. 3_.7 2..~.4 
GABA 4 6 3 1 
1 5  
40 2._~.6 2.2.1 
¢t 
47 33 29 
. n . N .  , . . . . N  , , . . . . .  
3-- 
B 
Morph,ne W,thdrawal ~r 
Isoproterenol  67 58 63 56 53 
Norepmephr  me 6..~.6 "A" 4~9 5,5 45 4.~2 
GABA 7 5 3 3 
Fig 4 Continuous ratemeter records from an experiment comparing sensitwity to lontophoretically apphed transmitter substances of 
cerebrocortlcal neurons m a control (A) and a morphine-withdrawn rat (B). The neuron recorded m the withdrawn ammal &splayed 
much lower sensmvlty to lontophoret~cally apphed NE (thin bar; threshold, 45 nA) and (-)-ISO (dashed line, threshold, 56 nA) than 
the control cell (thresholds of 21 and 33 nA for NE and ISO, respectwely) In comparison chemosensmvlty to the inhibitory action of 
GABA (thick bar) was the same (threshold, 3 nA) for both neurons Chemosensmvlty of neurons m control and withdrawn ammals to 
each of the lontophoretlcally apphed drugs was assessed using the same mlcropipette All tests in withdrawn animals were conducted 
between 32 and 36 h following cessation of chromc morphine treatment Cahbrat~on hne under record B indicates 60 s Other details as 
m legend to Fig 3 
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TABLE III 
Changes m cerebrocorncal neuron senstttvtty to tontophorettcally apphed transmttter ~ubstances followmg ~ hrontc morphine lrealmetlt 
Assessments of neuronal chemosensmwty to lontophoretlcally apphed substances were made 8-12 h foUowmg the last mject~on ol a 
14-day morphine treatment regimen Adrenerglc agents were apphed as 20-s pulses and GABA as a 10-s pulse 
Agent Cell patrs Mean threshold tontophorettc currenf Spontaneous firmg (Hz)" 
Controls Morphme-treated Controls Morphine-treated 
(-)-NE 46 415_+19 2 7 3 + 1 4  P<0001 141_+09 139_+_11 
(-)-ISO 37 318-+15 179-+24 P<0001 1 2 9 + 1 5  114~_ 1 f) 
(+)-ISO 17 4 6 1 + 2 1  4 4 5 + 6 5  ns  163-+24 1 1 9 = 1 9  
GABA 37 5 9 _+ 0 8 6 9 _+ 1 0 n s 13 5 _+ 1 () 14 3 _+ l 3 
Data are expressed as the mean (_+ S E M ) threshold dose of drug (nA) reqmred to produce an mh~bmon of spontaneous neuronal 
firing 
The spontaneous finng rates (expressed as mean + S E.M ) of cells recorded m control and chronic morphine-treated rats were not 
slgmficantly different (P > 0.25, one-way analysis of variance) 
neous firing of virtually all cortical neurons recorded 
in control animals. The spontaneous discharge of cor- 
Ucal neurons in both chronic morphine-treated and 
morphme-withdrawn animals was, for the most part, 
also readily depressed by brief (20-s) lontophoreUc 
apphcations of NE (Figs. 3 and 4) In order to assess 
the fl-adrenerglc mediat ion of these depressant nor- 
adrenergic effects, inhibitory responses to NE were 
examined before and d u n n g  concurrent  mntophore-  
s~s of the selective antagonists sotalol and phentola- 
mme m 10 neurons from each t reatment  group. A 
specific blockade of NE-induced inhibitions in fmng 
was rehably produced by apphcauon of the/3-antago- 
nist sotalol (22 of 30 cells), but not the a-antagomst  
phentolamlne (3 of 30 cells) m cells in control,  chron- 
Ic morphine-treated and morphine-withdrawn am- 
mals (data not shown). 
Neurons recorded both in chromcally morphine- 
treated animals and in morphine-withdrawn rats 
showed marked differences m sensmvlty to lonto- 
phoretlcalty applied NE, when compared to cells 
tested m saline-treated controls Tables III and 1V 
give the mean mntophoret lc  currents reqmred for in- 
hibition of cortical neurons by various drugs m con- 
trol, chromc morphine-treated and morphine-with- 
drawn rats. As shown m Table III,  chromc adminis- 
tration of morphine resulted in a s~gmficant reduction 
(from 41.5 + 1.9 to 27 3 + 1.4 n A ,  P < 0 001) m the 
mean threshold iontophoreUc dose of NE reqmred to 
Inhibit cortical neuron  firing. These findings imply an 
increased sensmvity of neurons to N E m  chromc 
morphine-treated rats. In contrast, the mean thresh- 
old NE current reqmred to depress neurons m mor- 
phine-withdrawn rats (45 9 + 2,1 nA)  was signifi- 
cantly (P < 0.001) greater than the mean threshold 
for control cells (23.0 + 1 4 nA) (Table IV), indicat- 
ing a reduced sensmwty to NE following withdrawal 
The tables also show that despite individual vana-  
TABLE IV 
Changes m senstttvtty of cerebrocorttcal neurons to gontophoretwally apphed transmitter substances followmg morphme wtthdrawal 
Assessments of chemosensmvlty of mdwldual neurons to lontophoretlc apphcaUons of adrenerglc agomsts (20-s pulses) and GABA 
(10-s pulses) were made 32-36 h following the cessation of chromc morphine treatment 
Agent Cell patrs Mean threshold tontophorettc currenf 
Controls Morphtne-wtthdrawn 
(-)-NE 51 230_+14 4 5 9 + 2 1  P<0001 
(-)-ISO 44 3 0 7 + 1 6  492_+24 P<0001 
GABA 51 5 3 + 0 6  63_+12 ns  






a Data are expressed as the mean (+ S E M ) threshold dose of drug (nA) reqmred to produce an mhibmon of spontaneous neuronal 
firing 
b The spontaneous firing rates (expressed as mean + S.E M ) ol cells recorded m control and morphme-w~thdrawn ammals were not 
slgmficantly different (P < 0 5, one-way analysis of variance) 
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Fng. 5. Scatter plots show httle evzdence of  correlat]on between sensntwzty to zontophoretzcally apphed NE  and rate of  spon taneous  dzs- 
charge of neurons  m control (A and B, left panels),  chronic morphine- t rea ted  (A,  right panel) and morphine-wi thdrawn ammals  (B, 
right panel) Each point  plotted represents  data f rom a different neuron  Regresston analysis of  the  data  from each of the 4 groups 
yielded the sensltzvzty/rate hnes  shown with correlation coeffic]ents of  r = 0 19, P = 0.19 for chromc morphine  controls;  r = 0.20, P = 
0 18 for chromc morphine- t rea ted  cells; r = 0.25, P = 0 08 for w]thdrawn controls; and r = 0.04, P = 0 78 for withdrawn neurons  A '  
the slopes of the sensmvnty/rate hnes  for control and exper imental  groups were compared  using the test of  Zerbe  et al 39 to control for a 
possible bzasnng of the results due to the presence of rate as a co-variant. Th~s analysis showed cortLcal neurons  f rom chromc morphine-  
treated rats to be sxgmficantly more  sensLtive to NE than control cells (P  < 0.01) B neurons  recorded m morphine-wi thdrawn ammals  
were found in turn to be significantly less sensitive to NE than cells m matched  controls (P  < 0 005) The  controls for the chromc mor- 
phine-treated and -withdrawn groups consisted of entirely separate  populat ions of cerebrocortlcal neurons  
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nons,  the mean rates ot spontaneous  Ilrlng ot corncal 
units recorded in chronic morph ine- t rea ted  and m 
morphine-wi thdrawn animals did not d l l ler  s~gmh- 
cantly from that of matched saline controls  (Tables 
III and IV) No correlat ion was found be tween the 
initial rate of spontaneous  discharge of a neuron and 
the minimal effective iontophoret lc  dose of NE re- 
quired to Inhibit firing In e i ther  control  (r = 0 19, P = 
0 19 for chronic group;  r = l) 25, P = 0 I)8 for with- 
drawn group) ,  chronic morph ine- t rea ted  (r = 0.20, P 
= 0 18) or withdrawn animals (r = l) 04, P = 0 78) 
(Fig. 5). Moreover ,  when the data  were re -examined  
controll ing for initial firing rate of the cell as a possi- 
ble covarlant ,  neurons in chronic morph ine- t rea ted  
and withdrawn rats were still found to be significantly 
more  (P < 0 01) and less sensitive (P  < 0,005) to NE,  
respectively,  than control  cells (Fig. 5) 
It should be noted that the assessments of changes 
in cortical neuron sensitivity to NE in morphine-de-  
pendent  and morphine-wi thdrawn rats were con- 
ducted several  months apar t ,  and that different  
groups of sa l ine- t reated animals served as matched 
controls  in each series of exper iments  Cort ical  neu- 
rons recorded in the two groups of control  animals 
displayed a considerable  difference m sensitivity to 
lontophoret lca l ly  appl ied  NE (but not ISO, cf 
Tables III  and IV) This was most likely related to in- 
herent  differences in ca techolamine release between 
the mlcroplpet tes  used in each of the studies,  ra ther  
than an indicat ion of considerable  variabil i ty in the 
normal  range of NE chemosensmvit~ of the cerebro-  
corncal  neurons In this regard,  no significant differ- 
ence in mean mntophore t lc  inhibi tory thresholds  of 
NE was found in exper iments  (n = 3) in which the 
same mlcroplpet te  was used to assess chemosenbltlVl- 
ty in matched-pairs  (n = 12) of cerebrocort lcal  neu- 
rons recorded in tandemly  p repared  sa l ine- t rea ted  
control  rats 
Changes in cellular excitabili ty have been repor ted  
during morphine  dependence  and withdrawal  ~-''3-~ 
which, by themselves,  might affect the postsynapt ic  
sensitivity of neurons to exogenously appl ied  cate- 
cholamines.  Therefore ,  to control  for the specificity 
of the changes in NE thresholds found among cortical 
neurons in chronic morph ine- t rea ted  and -withdrawn 
rats, lontophoret lc  current  thresholds of G A B A  re- 
quired for inhibition of firing were also de te rmined  
for most cells (Figs. 3 and 4) No significant differ- 
ences (all P values > 0 1) in the mean cmrent  thlc,,h- 
olds tor Inhibition by' G A B A  were lound be t~een  
neurons m chronically morphine- t rea ted  and nlor- 
phine-wlthdrawn animals,  when compared  to control 
cells (Tables l l I  and IV) 
The specificity of the increase m noradrenerglc  
sensitivity found m neurons in morph ine-dependen t  
animals was assessed further by examining the etfects 
of prolonged morphine  t rea tment  on cortical neuron 
responsiveness to lontophoresls  of ( + )-isoproterenol 
( (+ ) - ISO ) ,  an adrenergic  agent which has been 
shown in other  test systems to be largely macnve in 
s t imulat ing/3-receptors  > > The effects of lontopho- 
resls of ( + ) - I S O  on cortical umt actlVltX. ~e re  exam- 
ined on 25 pairs of neurons recorded m t~ control  and 
6 chronic morphine- t rea ted  rats. Pulsatfle apphca- 
tlons of ( + )-ISO of 20 s durat ion depressed the ongo- 
ing actIwty of 38 of these neurons (20 control  and 18 
t reated cells): however ,  these effects required a 
much higher range of lon tophorenc  doses (30-75 
nA,  47 2 + 6 nA,  mean + S E M ) than was needed 
to produce mhibl tory responses with the lull /3-recep- 
tor agomst,  ( - ) - I S O  (see below). Changes m sensl- 
nwty of cortical neurons to ( + ) - I S O  follov~mg chron- 
ic morphine adminis t ra t ion were assessed by com- 
paring the minimal effective lon tophorenc  currents 
of drug required to inhibit the firing of cells recorded 
m control  and morph ine -dependen t  rats In experi-  
ments per formed  on 17 tandemly studied cell pairs,  
no significant difference (P  > t) 25) was found in sen- 
SltiVlty to ( + ) - I S O  between neurons in control  and 
chronic morphine- t rea ted  animals (Table I l i )  These 
findings, when considered in conlunct lon with the re- 
suits of exper iments  with G A B A ,  argue against the 
possibility that a non-specific change in cellular excit- 
ability accounted for the al terat ions in noradrenergic  
sensitivity found In cortical neurons in morphine-de-  
pendent  and morphine-wi thdrawn animals 
In order  to different iate  the involvement of pre- 
versus postsynaptic  components  in the changes in 
noradrenergic  sensitivity found followmg chronic 
morphine t rea tment  and withdrawal ,  analogous ex- 
per iments  were conducted  using ( - ) - I S O  which is not 
a substrate for the high affinity NE reuptake system s. 
The sensitivity to ( - ) - I S O  of neurons in both mor- 
phine-dependent  (37 cells m 12 rats) and morphine-  
withdrawn animals (44 cells in 12 rats) differed signif- 
icantly (P  < 0 001) from that of control  cells (Figs 3 
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M o r p h i n e  I o n t o p h o r e s i s  
Norepmephrme 45 nA 
m 6 o ~  
Morphine 50nA 
Fig. 6. Effects of acute and local administration of morphine on the sensitivity of cerebrocortncal neurons to lontophoretlcally applied 
transmitter substances Acute treatment of rats with morphine, 30 mg/kg ta.d., for one day (B) did not significantly alter cortical neu- 
ron responses to nontophoretlcally appied NE (thin bar), (-)-ISO (thick bar) or GABA (dashed line), relative to the actions produced 
by these substances in control cells (A). In these experiments, the same mlcropipene was used to assess chemosensxtlvlty of cortical 
neurons recorded in control (A) and acute morphine-treated rats. Other details as in legend to Fig 3 C continuous ratemeter record 
showing Inhibitory responses of a cortical neuron in a naive rat to lontophoretlcally applied NE (45 nA, thin line) before, during and 
after concurrent lontophoresls of morphine (50 nA, dashed line) onto the cell During morphine lontophoresls spontaneous discharge 
of the cell was considerably depressed, whereas the inhibitory response to NE showed little appreciable change The apparent in- 
crease in NE-induced inhibition observed 3 mln after onset of morphine lontophoresls can be attributed to a simple summation of de- 
pressant effects produced by both agents. 
and 4). Whereas  chronic morphine  t rea tment  re- 
sulted m a marked  reduct ion in the lon tophore t ic  cur- 
rent  threshold for inhibit ion by ( - ) - I S O  (17.9 + 2.4 
nA,  mean + S .E .M. ;  8 to 28 nA,  range) ,  significantly 
higher  iontophoret ic  currents of the agonist  were re- 
quired to inhibit  the firing of cortical neurons  in with- 
drawn ammals  (49.2 + 2.4 nA,  mean + S .E .M. ;  23 to 
65 nA,  range) ,  compared  to control  cells (14 to 50 
nA,  range)  (Tables III  and IV).  In all cases, chemo-  
sensitivity to G A B A  was also de te rmined  for each 
neuron,  providing a control  for assessing recep tor  
specificity. No significant differences (all P values > 
0.1) were found be tween the mean G A B A  thresh- 
olds reqmred  to inhibit  firing of neurons  m chronic 
morph ine- t rea ted  and -withdrawn animals,  when 
compared  to control  cells (Tables  I I I  and IV).  
In a final set of exper iments ,  an identical  type of 
analysis was carr ied out to examine the possibility that 
the presence of residual  levels of morphine  in bra,n 
might contr ibute  to the increase m noradrenergic  
sensitwity found in cortical neurons after chronic mor- 
phine adminis t ra t ion.  For  these acute studies,  deter-  
m,nat ions of the sensit iwty of neurons  to ~ontophore- 
tically appl ied  t ransmit ters  were carr ied out  in tan- 
demly p repared  control  and morph ine - t r ea ted  rats 8 
h following adminis t ra t ion of the last of 3 morphme  
(30 mg/kg, i .p at 8-h intervals) or  saline rejections.  
The upper  and middle  records m Fig. 6 show the re- 
sults of a typical exper iment .  A compar ison  of these 
ra temete r  records reveals  no obvious differences in 
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IABLE V 
Changes m sensitivity o f  cerebrocortlcal neuronv to tontophoretwalh, apphed transmitter substances following one-da) mort~htnc treat- 
menl 
Rats were given 3 l p lnjecuons of morphine (30 mg/kg) or sahne at 8-h intervals for one day Eight hours after admlmstermg the last 
rejection, assessments were made of the sensmv~ty of neurons in these animals to ~ontophoretmally apphed adrenerglc agomsts and 
GABA 
Agent Cell palrs Mean threshold tontophorettc currenf Spontaneous firmg ( Hz ) h 
Controls Morphme-treated Controls Morphme-treuted 
(-)-NE 27 274_+24 331_+27 ns 122_+ 1 "~ 124_+17 
(-)-ISO 22 35 1 + 2 2  3 9 8 + 3 3  ns 109_+ 1 7 128+_ 1 5 
GABA 25 61_+09 68+_12 ns 124+_13 1 2 4 + 1 7  
a Data are expressed as the mean (+ S E M ) threshold dose of drug (nA) reqmred to produce an inhibition of spontaneous neuronal 
firing 
b The spontaneous firing rates (expressed as mean +_ S E M ) of cells recorded m sahne-treated control and morphine-treated rats 
were not significantly different (P > 0.5, one-way analys~s of variance) 
responsiveness of the neuron in the control  (Fig. 6A) 
and acute morph ine- t rea ted  rat (Fig 6B) to norad-  
renerglc or G A B A e r g l c  s t imulat ion Overal l ,  no sig- 
nificant differences (all P values > 0.25) were found 
in the mean lontophoret ic  inhibi tory thresholds  for 
NE,  ( - ) - I S O  or G A B A  between cerebrocor t lca l  
neurons recorded in control  and in acute morphine-  
t rea ted  animals (Table V). In addi t ion,  local applica- 
tion of morphine  directly onto cerebrocor t lca l  neu- 
rons had httle appreciable  effect on postsynapt ic  de- 
pressions in cell firing p roduced  by NE lontophoresls  
(Fig. 6C) In e i ther  control  (8 neurons  in 3 rats) or 
acute morphine- t rea ted  rats (7 cells in 4 rats) 
DISCUSSION 
The results of this study confirm and extend ear l ier  
findings 9"17 that  chronic,  but  not  acute,  adminis tra-  
tion of morphine  results in an increased density of/3- 
adrenerglc receptors  in rat cerebral  cortex. Using an 
incremental  schedule of morphine  Injections to make 
animals to lerant  and dependen t ,  we observed a 
38 2% increase,  relat ive to control ,  in the Bma x for 
[3H]DHA in the par ie ta l  cortex in chronic morphine-  
t rea ted  rats. This increase in /3-adrenerg ic  receptor  
density was measured  8 h following cessation of 
opiate  t rea tment  when animals were judged to still be 
in a dependent  s tate ,  owing to the absence of demon-  
strable withdrawal  behavior  or  signs In comparison,  
when binding of [3H]DHA was carr ied out  32 h after 
adminis trat ion of the last morphine  inject ion,  a sig- 
nificant decrease  (25.4%) In/3-adrenergic  receptors  
was found in the par ie ta l  cortex in morphine-with-  
drawn rats, compared  to sa l ine- t reated controls. 
These al terat ions in the density of [3H]DHA-label led  
fi-adrenergic receptors  occurred without  significant 
change in e i ther  the K d or Hill number  for the antago- 
nist, suggesting that  the character  (intrinsic prop-  
ertles) of the f l -adrenerglc  receptors  found in the cor- 
tex in morph ine -dependen t  and morphine-with-  
drawn rats may be identical  to the native binding sites 
for [3H]DHA Consistent  with this in terpre ta t ion is 
the finding that  the potencies of the f l-adrenerglc 
agonlsts, NE and ISO,  in compet ing for specific 
[3H]DHA binding sites in the par ie ta l  cortex were 
also unchanged following chronic morphine  treat-  
ment  or withdrawal.  
The time course of the e levat ion in f l-adrenergic 
receptor  densi ty found in the par ietal  cortex after 
chronic morphine  t rea tment  suggests that the up-reg- 
ulation of these receptors  may be re la ted  in some way 
to the format ion of the dependent  state. Support ing 
this possibili ty are the findings of Hamburg  and 
Tallman 9, who repor ted  a progressive increase in 
[3H]DHA binding in the cortex with increased time 
of exposure to morphine  in rats implanted  with mor- 
phine pellets for up to 3 days It was further shown 
that the increase in cortical f l -adrenerglc receptor  
density observed after chronic morphine  t rea tment  
could be complete ly  reversed by abrupt ly  withdraw- 
lng the dependent  animals with naloxone l h pr ior  to 
sacrifice The addi t ion of  naloxone in vitro did not af- 
fect the binding of [3H]DHA to cortical membranes  
isolated from ei ther  control  or chronic morphine-  
treated animals, leading these workers to suggest 
that the effects produced by administration of the an- 
tagonist in vivo could most likely be attributed to a 
precipitation of withdrawal (in the morphine-depen- 
dent subjects) a'rid the increase in central noradren- 
ergic activity which accompanies it 1'3°,32. Conceiv- 
ably, such a withdrawal-induced activation of central 
noradrenergic pathways, leading to an increased 
postsynaptic availability of NE, could account in sim- 
ilar fashion for the down-regulation in fl-adrenerglc 
receptors observed here in the parietal cortex in the 
withdrawn animals. 
A primary objective of the present study was to de- 
termine whether the changes in fl-adrenergic recep- 
tor density that result after chronic morphine treat- 
ment or withdrawal are reflected in corresponding al- 
terations in the sensitivity of individual cortical LC 
target cells to noradrenerglc stimulation. Using a 
high-low threshold method of iontophoretic testing 
to assess the responsivlty of neurons to postsynap- 
tically applied transmitters, we were able to demon- 
strate that the increase in fl-adrenergic receptor den- 
sity that occurred in the parietal cortex after chronic 
morphine treatment was temporally correlated with 
an increased neuronal sensitivity to NE w~thin the 
same brain area. Conversely, neurons that were test- 
ed m animals that had undergone withdrawal from 
morphine were found to exhibit a subsensitivity to 
noradrenerglc stimulation, compared to cells in con- 
trols, at a time when measurements of [3H]DHA 
binding revealed that the density of fl-adrenerglc re- 
ceptors in that region of the cortex was substantially 
reduced. All of the cells in which noradrenergic sen- 
sltwity was assessed were characterized initially as 
mechanoreceptlve units and responded to tactile in- 
put originating from either the contralateral forelimb 
or hindlimb. Previous studies in this 3s and other labo- 
ratories 2'3,27 have indicated that the inhibitory effects 
of NE on spike discharge in these neurons are me- 
diated directly via the activation of postsynaptic fl- 
adrenerglc receptors. It seems likely, therefore, that 
the changes in fl-adrenerglc receptor density that 
were revealed through alterations in [3H]antagonlst 
binding to some extent mvolve these populations of 
postsynaptic neuronal receptors and may thus be of 
physiological relevance. 
Several lines of evidence suggest that the changes 
in noradrenerg~c responsiveness observed in neurons 
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in chronic morphine-treated and -withdrawn rats re- 
flect the development of supersensitivity and subsen- 
sitivity in postsynaptic fl-adrenergic receptors, re- 
spectively. First, the changes in electrophysiological 
responsiveness to NE that accompanied morphine 
dependence and withdrawal occurred without altera- 
tions in the chemosensitivity of cortical neurons to 
the inhibitory effects of GABA or of (+)-ISO, an ad- 
renergic agonist which is largely reactive in stimulat- 
ing fl-adrenerglc receptors I6'2°. Second, these 
changes in noradrenerglc responses of neurons in 
chronic morphine-treated and -withdrawn animals 
were reproduced in tests with (-)-ISO, a fl-selective 
agonist which is not a substrate for the NE reuptake 
system 5. Alterations in the neuronal reuptake of NE 7 
or a non-specific change m cellular excitability I2'33 
are thus unlikely to account for the changes in norad- 
renergic sensitivity found in cortical neurons follow- 
ing long-term morphine treatment or withdrawal. FI- 
nally, local application of morphine directly onto cor- 
tical cells did not appreciably alter NE-lnduced in- 
hibitions in firing elicited m neurons of either control 
or experimental animals. This suggests that altera- 
tions in NE activity at neuronal receptors resulting 
from a residual presence of morphine in the brain are 
also unlikely to account for the electrophyslological 
changes reported here. Taken together, these data 
make it likely that the changes in neuronal respon- 
siveness to fl-adrenergic stimulation that occur after 
chronic morphine treatment and during withdrawal 
reflect adaptations or adjustments Involving postsyn- 
aptic components of the adrenerglc system residing 
in the neurons. 
The finding that the changes in cortical fl-adrener- 
gic receptor density observed during morphine de- 
pendence and withdrawal were accompamed by cor- 
responding alterations in electrophyslologlcal re- 
sponsiveness to NE does not, by itself, establish a 
causal relationship between the changes in receptor 
number and the alterations in noradrenergic re- 
sponse of the effector cells. Clearly, these changes in 
the responsiveness of neurons to NE need not be re- 
lated solely to adjustments in the number of fl-adren- 
ergic receptors residing on the postsynaptlc mem- 
brane, but could also reflect postreceptor events 
which ultimately lead to the electrophyslologlcal re- 
sponse. Some studies suggest that the inhibitory ef- 
fects of NE on cortical neurons may be mediated via 
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the coupling of fl-receptors to adenylate cyclase ~5, 
and an increase in iSO-stimulated cychc AMP accu- 
mulation has been reported to accompany elevations 
In fl-adrenerglc receptor density in rat cortex follow- 
ing chronic morphine treatment 17. It should be noted 
that this enhanced responsiveness of the cyclic A M P  
system to ISO exceeded the increase observed in re- 
ceptor density, suggesting the likelihood of compen- 
satory changes beyond a simple increase in the num- 
ber of fl-adrenerglc binding sites. Interestingly, Ku- 
rlyama et al 14 have recently reported that the cou- 
pling between fl-adrenergic receptors and adenylate 
cyclase In rat cerebral cortex may be facilitated dur- 
ing acute withdrawal. The functional tests used here 
to assess changes in noradrenerglc responsiveness an 
cortical neurons provide little insight regarding the 
locus of change in the postsynaptic adrenerglc system 
which underlies the electrophyslological changes 
Nevertheless, the demonstration here of a strong 
concordance between the changes in radloligand 
binding and electrophyslologlcal responsiveness to 
NE observed among chronic morphine-treated and 
-withdrawn animals can be interpreted to support 
some form of linkage between the alterations m corti- 
cal fl-adrenerglc receptor density and m noradrener-  
glc responsltivity that emerge during morphine de- 
pendence and withdrawal. 
It is presently unclear to what extent alterations In 
fl-adrenergic receptor density in the brain mtght con- 
tribute either in the formation or expression of de- 
pendence on morphme In some studies where in- 
creases in corttcal fl-adrenergtc receptor density have 
been reported in rats treated chronically with mor- 
phine, the up-regulation in receptors was noted only 
after the precipitation of withdrawal in the depen- 
dent antmals 13'15 In contrast, the results of the pres- 
ent study demonstrate clearly that fl-adrenerglc re- 
ceptors are Increased in the cortex prior to the onset 
of withdrawal In morphine-dependent  animals and 
down-regulated during later stages of abstinence at a 
time when the withdrawal syndrome has become 
fully manifested This discrepancy in results between 
these studies may be related, in part, to differences in 
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